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ABSTRACT Leptin controls feeding behavior and insulin
secretion from pancreatic b-cells. Insulin stimulates the pro-
duction of leptin, thereby establishing an adipoinsular axis.
Earlier we identified leptin receptors on pancreatic b-cells
and showed leptin-mediated inhibition of insulin secretion by
activation of ATP-sensitive potassium channels. Here we
examine transcriptional effects of leptin on the promoter of
the rat insulin I gene in rodent b-cells. A fall in levels of
preproinsulin mRNA is detected in vivo in islets of obyob mice
24 h after a single injection of leptin, in isolated obyob islets
treated with leptin in vitro and in the b-cell line INS-1 on leptin
exposure when preproinsulin mRNA expression is stimulated
by 25 mM glucose or 10 nM glucagon-like peptide 1. Under
these conditions, transcriptional activity of 2410 bp of the rat
insulin I promoter is inhibited by leptin, whereas transacti-
vation of a 5*-deleted promoter (2307 bp) is not. The 2307
sequence contains the known glucose-responsive control ele-
ments (E2:A3y4). Constitutive activation of ATP-sensitive
potassium channels by diazoxide does not alter leptin inhibi-
tion of preproinsulin mRNA levels. Distinct protein–DNA
complexes appear on the rat insulin I promoter sequences
located between 2307 and 2410 with nuclear extracts from
obyob islets in response to leptin, including a signal trans-
ducer and activator of transcription (STAT)5b binding site.
These results indicate that leptin inhibits transcription of the
preproinsulin gene by altering transcription factor binding to
sequences upstream from the elements (307 bp) that confer
glucose responsivity to the rat insulin I gene promoter. Thus
leptin exerts inhibitory effects on both insulin secretion and
insulin gene expression in pancreatic b-cells, but by different
cellular mechanisms.

Uncertainty exists regarding the nature of the earliest bio-
chemical changes that culminate in the development of obe-
sity-associated diabetes. The diabetes is preceded by an ex-
tended period of hyperinsulinemia believed to occur in com-
pensation for insulin resistance that develops in response to
obesity (1). In human obesity, however, insulin resistance is less
frequent than insulin hypersecretion, leading to the hypothesis
that hyperinsulinemia of obesity may be the result of both
compensatory (to insulin resistance) and primary hypersecre-
tion of insulin (2). This notion is supported by studies dem-
onstrating that hyperinsulinemia may even precede alterations
in insulin sensitivity in humans (3). The metabolic andyor
hormonal signals that contribute to the development of obe-
sity-associated hyperinsulinemia are unknown. It is feasible,
however, that molecular mechanisms that directly alter the
function of the pancreatic b-cells may lead to the induction of
insulin hypersecretion.

A primary candidate for linking the status of body fat to the
function of the pancreatic b-cell is the obesity-associated

hormone leptin (4). Leptin is produced and secreted predom-
inantly by white adipose tissue, and serum levels of leptin
correlate directly with body-fat mass (5). Leptin exerts its
effects on appetite and thermogenesis centrally on centers
located in the hypothalamus (6). In obese individuals, however,
leptin fails to exert its physiological role in the reduction of
appetite and induction of energy expenditure despite the
presence of markedly elevated serum levels. Thus defective
leptin reception by hypothalamic centers seems to be operative
in the development of obesity (6). At the cellular level, leptin
acts by means of specific leptin receptors (OB-R) structurally
related to the family of cytokine receptors (7). OB-R activates
intracellular signaling cascades including the Janus kinase-
signal transducer and activator of transcription (STAT) path-
way of signal transduction (8).

The obyob mouse bears a mutation in the gene encoding
leptin and provides a model of adipogenic type 2 diabetes
mellitus with a phenotype of antecedent hyperinsulinemia and
insulin resistance followed by b-cell failure (9). We and others
have demonstrated earlier the presence of leptin receptors on
pancreatic b-cells (10, 11) and have shown that leptin inhibits
insulin secretion by acting on ATP-sensitive potassium chan-
nels (KATP) (12, 13), a mechanism later reported to mediate
leptin action in the hypothalamus (14). Inhibition of insulin
secretion and preproinsulin mRNA expression by leptin was
found by several other laboratories (11, 15–26).

In this study, we examine regulatory mechanisms of leptin
on the expression of the preproinsulin gene in the pancreatic
b-cell line INS-1 and obyob islets. We find that leptin reduces
the transcriptional activity of the rat insulin I gene promoter
and alters binding of distinct proteins including STAT5b
complexes to upstream sequences within the 59-promoter
region of the rat insulin I gene. These results establish a
molecular mechanism by which leptin affects insulin biosyn-
thesis in pancreatic b-cells at the level of preproinsulin gene
transcription.

MATERIALS AND METHODS

Leptin Inhibition of Insulin Secretion in obyob Mice. Ten
week-old obyob mice were injected intraperitoneally with
recombinant murine leptin (PeproTech, Rocky Hill, NJ) at 1
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mgyg body weight or vehicle (n 5 6 per group) and serum
values for glucose and insulin determined after a 24-h fasting
period.

Detection of Preproinsulin mRNA Levels in obyob Islets by
Semiquantitative Reverse Transcription–PCR (RT-PCR). Is-
lets from leptin-injected obyob mice were isolated and semi-
quantitative RT-PCR for preproinsulin mRNA and b-actin
was performed (27). PCR was performed for 18 cycles to cover
the linear range of the amplification kinetics, and linearity was
shown for a relative cDNA input across one order of magni-
tude (Fig. 1B Bottom graphs). For the in vitro study, islets from
noninjected obyob mice were isolated and cultured for 24 h in
RPMI medium 1640 supplemented with 0.1% BSA and 6.25
nM (100 ngyml) murine leptin or vehicle at 13.2 mM glucose
for 24 h before RT-PCR analysis. The results are derived from
two independent experiments, each performed in triplicate.

Detection of OB-R mRNA in INS-1 Cells. RT-PCR was
performed by using primer oligonucleotides detecting specif-
ically the long form of the leptin receptor B isoform (OB-RB)
(sense primer: 59-ATGAAGTGGCTTAGAATCCCTTCG-39;
antisense primer: 59-ATATCACTGATTCTGCATGCT-39).
RNA extracted from rat hypothalamus served as positive control.
PCR products were hybridized to an end-labeled oligonucleotide
internal to the target sequence (59-ACACTGTTAATTTCA-
CACCAGAG-39).

Regulation of Preproinsulin mRNA Levels by Leptin in
INS-1 cells. INS-1 cells were incubated at 25 mM or 11.1 mM
glucose for 6, 16, and 24 h with murine leptin at concentrations
of 6.25 nM (100 ngyml) andyor 1028 M glucagon-like peptide
(GLP)-1 (7–36) amide (Peninsula Laboratories). Diazoxide
was used at a concentration of 100 mM. Northern RNA analysis
was performed by using a double-stranded labeled DNA probe
encoding 400 bp of the rat insulin I cDNA (28). Figures show
representative blots of at least two independently performed
experiments each.

Regulation of the Transcriptional Activity of the Rat Insulin
I Gene Promoter by Leptin in INS-1 Cells. The plasmid
2410rINS1 and 2307rINS1 contain 410 bp or 307 bp of the 59
untranscribed (promoter) region of the rat insulin I gene
cloned into the luciferase reporter vector pGL3 (Promega).
INS-1 cells were preincubated at 11.1 mM glucose for 24 h with
6.25 nM (100 ngyml) leptin or vehicle followed by transfection
of the reporter vector by liposomal DNA transfer (Lipo-
fectamine, Life Technologies, Gaithersburg, MD) and medium
change to 5.6 mM or 25 mM glucose, supplemented with leptin
andyor GLP-1 or diazoxide. Luciferase expression was deter-
mined (29) 48 h after transfection. Results represent the
average of five to six independent transfection experiments 6
SEM.

DNA-Binding Activity in Nuclear Extracts of Leptin-
Treated Pancreatic Islets of obyob Mice. Pancreatic islets from
obyob mice were incubated for 24 h with 6.25 nM (100 ngyml)
murine leptin. Electrophoretic mobility shift assay was per-
formed (28) by using the following oligonucleotides: INSTAT,
59-GATCCAACTGCAACTTTCTGGGAAATGAGGTGG-
AA-39; INS1A, 59-GATCTGAGCTAAGAATCCA GCTAT-
CAATAGAAACTATGAAACAG-39; INS1B, 59-GATCGA-
AACAGTTCCAGGGACAAAGATACCAGGTCCCCAA-
CAAC-39. For competition experiments, an oligonucleotide
was used in which the STAT-binding site had been mutated,
mutINSTAT (competitor with mutated STAT binding site)
59-GATCCAACTGCAACTTCAGTTTAAATGAGGTGG-
AA-39.

Statistics. All values are expressed as means 6 SD. Statis-
tical analysis was performed by means of the Student’s t test for
paired and unpaired values.

RESULTS AND DISCUSSION

When 10-week old obyob mice (n 5 6 per group) were injected
intraperitoneally with recombinant murine leptin at a dose of
1 mgyg body weight, a substantial lowering of elevated plasma
insulin levels (75%) and serum glucose (55%) occurred 24 h
after the injection (Fig. 1A). These findings indicate a sub-
stantial action of leptin on glucose homeostasis in this diabetic
animal model in vivo and support our previous findings of
inhibitory actions of leptin on insulin secretion in obyob islets
analyzed in vitro (13).

In pancreatic islets of leptin-treated obyob mice, steady-
state levels of preproinsulin mRNA were reduced by 40% as
compared with vehicle-treated animals (Fig. 1B Left, in vivo).
To test whether this effect of leptin is mediated by means of
indirect mechanisms such as signaling from the CNS or by
means of direct actions on pancreatic b-cells, obyob islets from
noninjected animals were exposed to leptin in vitro. Similar to
the results obtained from the in vivo experiment, preproinsulin

FIG. 1. Leptin reduces serum insulin levels and preproinsulin
mRNA expression in pancreatic islets of obyob mice. (A) Effects of a
single intraperitoneal injection with leptin (1 mgyg body weight) or
vehicle (n 5 6) on plasma insulin and serum glucose concentrations in
obyob mice. p, P , 0.05. (B) Semiquantitative RT-PCR for prepro-
insulin expression in pancreatic islets from leptin- or vehicle-injected
obyob mice (Left, in vivo) and islets from noninjected obyob mice
incubated in culture with leptin (6.25 nM) for 24 h (Right, in vitro).
Densitometric values are derived from two independent experiments,
each performed in triplicate. p, P , 0.05. PCR amplification was
performed for 18 cycles, and linearity of the assay with respect to
amplification kinetics and relative cDNA input is demonstrated (bot-
tom graphs). Values are means 6 SD.
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mRNA levels are reduced by 50% in obyob islets incubated
with leptin for 24 h (Fig. 1B Right, in vitro). The reductions in
preproinsulin mRNA levels observed in both the in vivo and
the in vitro experiments suggest that leptin exerts direct
inhibitory effects on the expression of the preproinsulin gene
in pancreatic islets.

To examine further the effects of leptin on preproinsulin
gene regulation in pancreatic b-cells, we used a b-cell culture
model (INS-1 cells) that is glucose-responsive and responds to
leptin as do pancreatic islets (30). Expression of the mRNA for
the active signaling isoform of the leptin receptor (OB-RB) is
detected in INS-1 cells by RT-PCR and subsequent Southern
hybridization of a 350-bp product comigrating with a RT-PCR
fragment obtained from rat hypothalamus as a positive control
(Fig. 2A).

For examination of leptin effects on steady-state levels of
preproinsulin mRNA INS-1 cells were exposed to 0.6 nM and
6.25 nM recombinant leptin for 6 and 16 h. At an elevated
concentration of glucose (25 mM) in the incubation medium,
an average reduction of preproinsulin mRNA expression to
60% was observed in the leptin-treated cells after 16 h of
incubation (Fig. 2B). In contrast, no suppression of preproin-
sulin mRNA was seen at time points before 16 h (Fig. 2B Left,
and data not shown). The reduction at 16 h was observed
independently from the leptin concentrations of 0.6 nM (10
ngyml) or 6.25 nM (100 ngyml). Of note, leptin did not reduce
preproinsulin mRNA in INS-1 cells at glucose concentrations
of 5.6 mM (data not shown) or 11.1 mM (Fig. 2C), indicating
a dependence of leptin-mediated expression of preproinsulin
mRNA on glucose augmentation.

The insulinotropic hormone GLP-1 appears to override the
inhibitory effect of leptin on insulin secretion (13), and GLP-1
has been reported to both augment glucose-dependent insulin
secretion and stimulate the expression of preproinsulin mRNA
in pancreatic b-cells (31). Thus we tested the effect of leptin
on GLP-1-stimulated expression of preproinsulin mRNA. At
glucose concentrations of 5.6 mM (not shown) and 11.1 mM
(Fig. 2C), which did not support leptin-mediated reduction of
insulin mRNA levels in the absence of GLP-1, the presence of
10 nM GLP-1 stimulated the expression of preproinsulin
mRNA 2-fold, and this stimulation was surprisingly abolished
by 6.25 nM leptin in the incubation medium (Fig. 2C). Thus we
find discordant results between leptin inhibition of insulin
secretion and leptin-mediated reduction of preproinsulin
mRNA levels at different glucose concentrations and in the
presence and absence of GLP-1.

A reporter vector expressing the luciferase gene under the
control of 410 bp of the rat insulin I gene promoter transfected
into INS-1 cells was typically stimulated 5- to 6-fold by 25 mM
glucose over the activity seen at 5.6 mM glucose (Fig. 3B Left).
Although no effect of leptin was seen on the promoter activity
at 5.6 mM glucose, leptin significantly inhibited reporter gene
expression at 25 mM glucose by 50% (Fig. 3B Left). In contrast,
the activity of a 59-deleted reporter gene containing only 307
bp of the rat insulin I promoter was not inhibited by leptin at
25 mM glucose, a concentration that still stimulated promoter
activity in this construct 3-fold (Fig. 3B Right). These results
indicate that inhibitory effects of leptin on the rat insulin I
promoter may be glucose dependent and provide evidence for
the existence of leptin-responsive elements within promoter
sequences located upstream of 2307 bp. Moreover, the find-
ings indicate that leptin-responsive promoter sequences may
be different from elements that confer glucose responsiveness
to the rat insulin I promoter in INS-1 cells. The glucose-
responsive element (E2:A3y4) of the rat insulin I gene has
been mapped to bps 2223 to 2207, which resides within the
2307-bp construct (32). However, an overlap of response
regions for leptin and glucose cannot be excluded by these
results.

In support of the experiments examining effects of leptin on
preproinsulin mRNA levels in INS-1 cells (Fig. 2C), we tested
for regulatory effects of leptin on insulin promoter activity at
11.1 mM glucose in the presence or absence of 10 nM GLP-1
(Fig. 3C). We have also tested GLP-1 effects both at the level
of preproinsulin mRNA expression and gene transcription at
glucose concentrations of 5.6 mM and 25 mM in INS-1 cells
(data not shown). We found a smaller insulinotropic effect of
GLP-1 at 5.6 mM glucose but no difference between 11.1 mM
and 25 mM, indicating that a glucose concentration of 11.1 mM
is able to permit full GLP-1 augmentation in INS-1 cells. These
findings lead us to choose a glucose concentration of 11.1 mM
for the analysis of preproinsulin mRNA (Fig. 2C) and for the
transient transfection experiments presented in Fig. 3C. At this

FIG. 2. Regulation of preproinsulin mRNA expression by leptin in
INS-1 b-cells. (A) Southern detection of OB-RB RT-PCR products in
INS-1 cells and rat hypothalamus (positive control). (B) Representa-
tive Northern blot for rat preproinsulin mRNA in INS-1 cells treated
for 6 h and 16 h with leptin (0.6 or 6.25 nM) or vehicle at 25 mM
glucose. (C) Representative Northern blot for rat preproinsulin
mRNA in INS-1 cells treated for 16 h with 6.25 nM leptin or vehicle
at 11.1 mM glucose in the absence or presence of 10 nM GLP-1. For
each study condition, the experiments have been performed at least
twice.
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glucose concentration, no inhibition of reporter gene expres-
sion by leptin was detected in both the 2410rINS1 and the
2307rINS1 construct. When GLP-1 was added to the medium,
however, transcriptional activity of both constructs was typi-
cally stimulated between 2- and 3-fold above basal expression,
and this induction was significantly inhibited by leptin in the
2410rINS1 construct (Fig. 3C Left), but not in the 2307rINS1
reporter plasmid (Fig. 3C Right). These results indicate that,
similar to the results obtained from the Northern experiments
(Fig. 2C), activation of transcription by 10 nM GLP-1 restores
the inhibitory actions of leptin on rat insulin I promoter
activity at glucose concentrations in which leptin alone fails to
reduce insulin promoter activity. The findings further suggest
the existence of leptin-responsive DNA sequences located
upstream of 2307 bp of the rat insulin I promoter, which may
be involved in mediating the inhibitory effects of leptin on
promoter transactivation in the presence of GLP-1. We con-
clude from these experiments that GLP-responsive and leptin-
responsive DNA elements that reside within the rat insulin I
gene promoter are distinct from each other. In addition, leptin
does not appear to reduce GLP-1-dependent transcriptional
activation of the promoter by interference with GLP-1-
responsive elements, because reporter gene expression in
2307rINS1 is stimulated by GLP-1 but is resistant to leptin-
mediated inhibition of promoter activity (Fig. 3C Right).
GLP-1 activates the formation of cAMP in b-cells (31), and the
cyclic AMP response element of the rat insulin I promoter
resides between bps 2183 and 2173 (28).

Earlier we demonstrated that leptin inhibits insulin secretion
by means of activation of KATP channels (13), and changes in
b-cell insulin content by altered secretion patterns are believed
to feed back on the regulation of insulin gene expression (33).
Thus, we examined whether the inhibition of preproinsulin
gene expression by leptin is merely a feedback consequence of
leptin inhibition of insulin secretion by means of activation of
KATP channels or whether it is an independent effect of leptin
in pancreatic b-cells. To test these potential circumstances,
INS-1 cells were exposed to leptin for 24 h at 25 mM glucose
in the presence or absence of diazoxide (100 mM), an agent
that activates KATP channels. The reduction of preproinsulin
mRNA expression by leptin detected in the presence of
diazoxide is similar to that in the absence of diazoxide (Fig.
3D). To test whether this observation holds true for the direct
inhibitory effects of leptin on rat insulin I promoter activity,
luciferase expression from the 2410rINS1 reporter construct
was monitored in response to leptin in INS-1 cells at 5.6 mM
and 25 mM glucose in the presence and absence of diazoxide.
Analogous to the findings presented in Fig. 3D, inhibition of
insulin promoter activity by leptin in INS-1 cells at 25 mM
glucose is detected both in the presence and absence of KATP
channel activation by diazoxide (Fig. 3E). These findings
indicate that inhibition of preproinsulin gene expression by
leptin is independent of the activation of KATP channels and
suggests that the molecular mechanisms underlying inhibition
of insulin secretion and preproinsulin mRNA by leptin may be
mediated by different intracellular signaling pathways. The
results from the reporter gene assays in INS-1 cells (Fig. 3)
provide evidence for the existence of leptin- and glucose-
responsive DNA sequences within the rat insulin I gene
promoter between bases 2307 and 2410, although it cannot be
excluded from our findings that leptin may also affect more
proximal promoter regions.

To obtain evidence as to whether the inhibition of rat insulin
I promoter activity by leptin may be mediated by means of
specific DNA-binding of nuclear proteins in obyob islets,
electrophoretic mobility-shift analysis was performed on DNA
sequences covering the rat insulin I gene promoter between bp
2307 and 2410 (Fig. 3A). The oligonucleotide INSTAT
contains a previously described binding site for isoform 5b of
the transcription factor STAT (34). When INSTAT is incu-

FIG. 3. Direct gene regulatory effects of leptin on the rat insulin I
promoter in INS-1 cells are independent from KATP channel activation.
(A) DNA constructs of the rat insulin I gene promoter used for luciferase
reporter gene assays. Major known regulatory elements are indicated.
INS1A, INS1B, and INSTAT denote the location of the oligonucleotides
used in electrophoretic mobility-shift analysis. (B) Indicated reporter
gene constructs were transfected into INS-1 cells and cells treated with
leptin (6.25 nM) or vehicle at 5.6 mM and 25 mM glucose. p, P , 0.05.
(C) Indicated reporter gene constructs were transfected into INS-1 cells
and cells treated with leptin (6.25 nM) or vehicle at 11.1 mM glucose in
the presence and absence of 10 nM GLP-1. p, P , 0.05. (D) Represen-
tative Northern blot for rat preproinsulin mRNA in INS-1 cells treated
with 6.25 nM leptin or vehicle at 25 mM glucose in the presence or
absence of 100 mM diazoxide. The results shown are representative of
three independently performed experiments. (E) 2410rINS-1 was trans-
fected into INS-1 cells and cells treated with leptin (6.25 nM) or vehicle
at 5.6 mM and 25 mM glucose in the presence and absence of 100 mM
diazoxide. Means 6 SD.
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bated with nuclear extracts obtained from leptin-treated obyob
islets, two distinct complexes are observed (A, B) (Fig. 4A,
lanes 2 and 3) as compared with vehicle-treated extracts (lanes
4 and 5). The DNA-binding complexes named C and STAT5b
are also present in islet extracts treated with vehicle alone
(lanes 4 and 5) but appear to increase with leptin treatment
(lanes 2 and 3). In competition experiments with a 100-fold
excess of unlabeled oligonucleotides, these complexes are
abrogated when wild-type INSTAT is used as competitor (lane
6). In contrast, the complex labeled STAT5b remains un-
changed in competition with an oligonucleotide in which the
STAT binding site is mutated (lane 7), and supershift exper-
iments using specific antisera for the known leptin-associated
signal transducers STAT1, STAT3, and STAT5b suggest that
this complex contains STAT5b (lanes 8–10).

Three more complexes (D, E, and F) are formed on the
oligonucleotide INS-1A (Fig. 3A) with leptin-treated islet
nuclear extracts (Fig. 4B Left, lanes 2 and 3) as compared with
vehicle-treated extracts (lanes 4 and 5). These complexes are
competed by a 100-fold excess of unlabeled INS-1A, indicating
the sequence specificity of these DNA complexes (lane 6). In
contrast, no distinct formation of DNA-binding complexes was
detected on the oligonucleotide INS-1B. These results provide
evidence that leptin induces the formation of specific DNA-
binding complexes on upstream sequences in the rat insulin I
promoter in pancreatic islets of obyob mice. One of these
complexes induced by leptin contains STAT5b and is formed
on a previously described consensus STAT binding site.

Although leptin signaling by the leptin receptor (OB-RB) is
known to activate the JAK-STAT pathway preferentially in-
volving STAT1, STAT3, and STAT5b (8), the previously
reported growth hormone-mediated STAT5b binding to the
STAT element within the rat insulin I promoter has been
proposed to transactivate the promoter (34). Given that the
DNA-binding complex containing STAT5b is only one of
several complexes that are induced by leptin within the distal
promoter of the rat insulin I gene (Fig. 4), we are uncertain
whether repression of the rat insulin I promoter by leptin is

mediated by means of STAT5b. It is, however, possible that as
yet unidentified transcription factors contained in the DNA-
binding complexes (labeled A–F in Fig. 4) are involved in the
repression.

The doses of leptin used in the in vivo experiment (Fig. 1)
are similar to or lower than those initially reported for defining
leptin action in the obyob mouse model (35). In the in vitro
experiments in the cell line INS-1, higher leptin doses were
applied, because the ‘‘physiological range’’ of leptin responses
may be different in a transformed pancreatic b-cell line, similar
to the shifted insulin response to glucose. Whereas the utilized
doses of leptin clearly evoked transcriptional effects in the
INS-1 cells, we cannot exclude from our experiments that the
effects of leptin on preproinsulin gene regulation in vivo may
be less pronounced. In particular, differential effects of leptin in
pancreatic b-cells at low and high doses have been reported (26).

Notably, in rodent pancreatic b-cells, leptin may exert
differential effects on KATP channels and preproinsulin gene
regulation in the presence of the insulinotropic hormone
GLP-1. Whereas there is evidence that GLP-1 can override
short-term inhibition of insulin secretion by leptin mediated
through activation of KATP channels (13), such is not observed
for the inhibitory regulation of preproinsulin gene expression
by leptin (Figs. 2C and 3C). In fact, at normal glucose
concentrations preproinsulin gene expression in INS-1 cells is
only inhibited by leptin when concomitantly stimulated by
GLP-1. This circumstance may indicate that leptin signaling
from the adipose tissue as part of an ‘‘adipoinsular axis’’ does
not interfere with the well established ‘‘enteroinsular axis’’
(36), which in the short term augments postprandial insulin
secretion by the insulinotropic hormone GLP-1. On the other
hand, leptin may under certain circumstances also be able to
counteract GLP-1-stimulated insulin secretion, as has been
demonstrated for the perfused rat pancreas (16) and in mice
postprandially (21). At the same time, leptin may inhibit
long-term stimulation of preproinsulin gene expression during
the fasting state. The inhibitory actions of leptin on prepro-
insulin gene expression appear to be transmitted through an

FIG. 4. Leptin induces formation of distinct DNA binding complexes in extracts of obyob pancreatic islets on upstream sequences of the rat
insulin I promoter. Pancreatic islets of obyob mice were treated with 6.25 nM leptin or vehicle and nuclear extracts analyzed by electrophoretic
mobility-shift analysis on rat insulin I promoter sequences. Probes were (A) INSTAT and (B) INS-1A and INS-1B (see Fig. 3A). In A antisera to
STAT1, 3, and 5b were used to identify specific DNA-binding proteins. STAT5b antiserum shows an interaction by retardation (supershift) of the
mobility of the STAT5b complex. A, B, C, D, E, F, STAT5b, specific complexes; p, nonspecific complex; FP, free probe; NE, nuclear extract; L,
leptin-treated extract; V, vehicle-treated extract; Comp, 3100 excess of unlabeled competitor; mutINSTAT, competitor with mutated STAT binding
site.
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intracellular signaling pathway that differs from the one af-
fecting the KATP channel and with different sensitivity to
ambient glucose concentrations. Whereas short-term inhibi-
tion of insulin secretion by leptin has been recently proposed
to be mediated through PI 3-kinase-dependent activation of
cyclic nucleotide phosphodiesterase 3B (PDE3B) and subse-
quent suppression of cAMP levels (26), the regulatory effects
of leptin on transcription of the preproinsulin gene in pancre-
atic b-cells may be transmitted directly by means of the
JAK-STAT signaling cascade. It is tempting to speculate that
leptin serves as an inhibitory control signal provided by
adipose tissue to prevent extended stimulation of preproinsu-
lin gene expression in pancreatic b-cells by incretins and
glucose and to prevent sustained overproduction of insulin and
hyperinsulinemia.

Assuming that mechanisms of leptin actions in human and
rodent islets are similar to actions in the hypothalamus, chronic
hyperleptinemia may desensitize leptin reception in the pan-
creatic b-cells in susceptible obese individuals, which may
hypothetically lead to increased preproinsulin gene expression,
enhanced insulin biosynthesis, and eventually hyperinsulin-
emia. Whether transcriptional dysregulation of the preproin-
sulin gene, however, is involved in the development of obesity
and adipogenic diabetes mellitus in vivo requires further study.

In conclusion, we demonstrate direct transcriptional inhibi-
tion of the rat insulin I gene promoter in pancreatic b-cells by
leptin. We propose that this is a molecular mechanism by which
leptin modulates pancreatic b-cell function. We further con-
clude that in pancreatic b-cells, leptin acts in inhibitory fashion
at different cellular levels, i.e., the KATP channel (13), cAMP-
dependent signal transduction pathways (26), and gene regu-
lation. These actions may integrate b-cell functions in a
signaling network that controls appetite, body weight, and
glucose metabolism, both in short- and long-term regulatory
loops.
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